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PREFACE 


This thesis is based on library research and practical 
knowledge acquired in the laboratory of the Electronics 
Division of the Westinghouse Corporation, Baltimore, Maryland, 
where from 11 January to 6 April, 1951, the author worked 
with circuits of the nature discussed, in connection with 
automatic tracking. It is written to provide an integrated, 
detailed treatment of recent developments in linear time 


base generators. 


F. E. STOUT, JR. 
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CHAPTER 1 
INTRODUCTION 


An important problem in modern electronic circuits is 
the generation of a linear time base. The solution to this 
problem depends upon the performance demanded of the generator. 
Most applications are continuously reguiring better linearity, 
faster switching and recovering action, less cost and more 
stability. 

Until recently, linear time base generators depended 
mainly upon the multivibrator. While this circuit had in- 
herent disadvantages for certain applications, such as a high 
output impedance, it satisfied the demands associated with 
early radar development. The literature shows that a circuit 
based on multivibrator action can deliver an output disconti- 
nuity whose position in time within several per cent is di- 
rectly proportional to an input voltage. A rigorous analysis 
of multivibrator action is available which can be used to 
improve the performance of multivibrator circuits(12). From 
a practical viewpoint, however, the multivibrator is critically 
dependent upon certain important factors. The rigorous anal- 
ysis mentioned above presupposes absolute identity of the 
tubes. In practise, this specification is never met and tube 
replacement can change the transfer characteristic of the 
circuit by 10 per cent. Another factor is the necessity for 
good voltage regulation. A variation in the line voltage of 
10 per cent can alter the transfer characteristic by 2 per 


cent(3,4). 





It became apparent during World War II that any attempt 
to adapt the multivibrator linear time base generator to the 
shrinking tolerances in the specifications was impractical. 
Accordingly, both England and the United States began search- 
ing for new solutions to the problem. As might be expected, 
each country investigated the use of feedback circuits for 
their inherent stability and low output impedance. Ultimately 
England developed a family of circuits based upon the Miller 
sweep generator. Simultaneously the United States developed 
a family of circuits based upon the bootstrap principle. In 
the chapters which follow these two types of circuits will be 
discussed and compared, with emphasis on the principles in- 
volved rather than the many specific solutions which have been 


developed. 








CHAPTER 11 
THE MILLER SWEEP GENERATOR 


The basic circuit of a Miller sweep generator is shown 
in Figure 1. Quiescently, the suppressor of the pentode is 
biased sufficently negative to cut off plate current. Because 
R is returned to the positive voltage E.., current is initally 
flowing from Eeo to ground through R and the grid-cathode 
pathway. Thus the grid bias is approximately zero and the 
screen is conducting heavily. The plate voltage is Eyp and 
the voltage across Č must be E>. 

A positive input gate voltage on the suppressor, large 
enough to permit plate current to flow, may be regarded as a 
switch which turns the pentode amplifier on and off. At the 
instant the amplifier is turned on, almost all of the plate 
current will be furnished from the charge on the distributed 
capacity, Čs, from plate to ground, and hence we may consider 
the voltage across C as remaining constant at this time. The 
first incremental drop in plate voltage associated with the 
initial increment of plate current will therefore be effective- 
ly coupled by C to the grid, dropping the grid below zero and 
opening the grid-cathode pathway. With a rapid succession of 
such increments, the grid quickly attains the negative bias 
necessary to satisfy the equilibrium conditions of the 
amplifier for the plate load resistor R. At this point the 
plate has dropped a few volts, almost abruptly; the grid has 


dropped below zero by the same amount; and the total space 
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current in the pentode has been reduced to a low value by the 
negative grid bias, with most of this small current flowing 
from the plate (through R;), and the remainder flowing from 
the screen. 

Subsequently, three actions take place concurrently to 
give a linear rundown at the plate. First, the grid immedi- 
ately begins rising toward E,,; next, each positive-going 
increment at the grid results in an amplified negative-going 
increment at the plate, which is coupled by © back to the grid; 
end simultaneously C íis discharging. As a result of these 
actions, the grid tends to remain at a relatively constant 
negative voltage. The current through R and C is therefore 
relatively constant, and to the extent that this current is 
constant, the voltage across C is a negative-going sawtooth 
with respect to the grid voltage. Further, to the extent that 
the grid voltage is constant, the voltage from the plate of 
the amplifier to ground must also be a negative-going sawtooth. 

If the duration of the positive gate on the suppressor is 
long enough, the plate voltage will eventually reach the knee 
of the ep - ip characteristics of the pentode, and will not be 
able to decrease further for the small positive-going incre- 
ments in the grid voltage. At this instant the plate is said 
to "bottom", and immediately the grid, in the absence of any 
negative feedback through C, begins an unrestrained rise 
toward Ea. The grid soon reaches zero, however, and is held 
at this potential by conduction through the grid-cathode path- 


way. The grid then continues to ride at zero and the plate at 








the bottomed voltage as long as the amplifier remains turned 
on. 

When the input gate on the suppressor ends and the ampli- 
fier is turned off, the plate voltage rises exponentially to 
Epp with a time constant determined by R C, and the dis- 
tríbuted capacity in the plate circuit. 

Should the switching gate terminate before the plate 
voltage reaches the knee of the ep - i, characteristics, the 
linear rundown of the plate will of course be arrested at this 
instant, and the plate and the grid will immediately begin 
rising to their quiescent voltages, with the rise of the 
plate voltage to hp again determined by the product of Rr, G, 
and the distributed capacity in the plate circuit. In this 
case the grid will jump to zero almost instantaneously. 

Let us now examine the benefits that have evolved from 
the use of negative feedback in this circuit. Without feed- 


back, 
Es = = A Ga * (1) 


(When the amplifier is turned on, the input voltage to the 


grid is obviously a step voltage of magnitude E) 
S = CE, = “BAG, A (2) 
where $ is the feedback factor. 


men” አዕ ው S/A (1724) (5) 








For the gain with feedback, 





SA ania AORN : 

>= => 1+ BA (4) 
AG ፒ / | 

AA (t+ AA)” (5) 

ss £6 = < dal i (6) 
G (+ BA A 


Thus, if A, the gain of the amplifier without feedback, were 
to change by some amount, the change in the gain of the ampli- 
fier with the negative feedback indicated would be only መና 
as much. Hence, the Miller sweep generator is very stable, 

end the stability improves with increasing gain. 

Another advantage resulting from the use of negative feed- 
back is a large reduction in the output impedance at the plate 
of the amplifier. If this output impedance without feedback 
is z , and if an external voltage source of zero internal 


impedance is adjusted for one volt and applied to the output 
terminals of the amplifier, 





< amps will be drawn from the 
source. With negative feedback in the circuit, however, a 


component of voltage AF appears across the output terminals 





and draws LA amps from the source. The total current drawn 


= 


The output impedance with negative feedback is therefore 
ጋ. መ. 
/ FAP 

Investigation of the input impedance at the grid of the 


from the one volt source will be L- + É or ATA amps. 
Z z 
„Which can be made very low with high gain. 


amplifier is also interesting. If 5. rises by an increment 





A e, ‚ the plate voltage falls by an increment AA eg, and 
the current passing through C will be LS or 
az (1 +A) . The effective input ጠረ “at the grid is 


Že 。 In other words, the input capacitance is 
IFA 
C(1+A). This is really a statement of the principle from 


ር 
therefore 





which the Miller sweep generator gets its name. The Miller 


Effect equation states that for an amplifier, 


Cn = Cu t Cipli Acoso) , (7) 
where 0 is the phase angle of the load. In this case Cgp 

is large in comparison with Cek? because we have deliberately 
added a capacitance between the grid and the plate. For a 
resistive load, cos 8 is unity, and hence Cin = C(1+A), which 
is the result achieved above. 

When the generator is turned on, then, the grid commences 
to rise toward E,, with a time constant of approximately ARC 
seconds. If the gain of the amplifier is high, the change in 
grid voltage during the rundown at the plate is very small. 

If the gain were infinite, the grid voltage would of course 
remain constant. 

We might expect from the foregoing that the plate voltage 
would approach -A Eee with the same time constant. A more 
detailed analysis of the circuit brings out this fact. Using 


LaPlace Transform notation, 


ca) > ela) dale 








If the gain of the amplifier is assumed constant, 








a) — ale) 
gc > 
Then 
£ 6) = > e, (2) 
A 
— El) + E 
F 
- elaJ_- cs) y) Al a g@ 
ንሙ መሙ“ 22ድ OPE AR 
From this expression we get 
e+) = m AE) / | 
AC(A+1) ře 


whence, 


| < 
<') 4] = Se) = ME.) -eh 


Converted to series form, 


C, = Aee / = ደ 
(A +1) RC 2(Arı)RC 
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(9) 


(10) 


(11) 


(12) 


(13) 


(14) 





The departure from linearity of the plate voltage is repre- 
sented by all terms of the series after the first term. The 
largest of these subsequent terms is the second term. With a 
high gain amplifier, the product (A+1)RC can be made very 
large, so that 


a ec © 


 ኡ--- መመ 
=- 


E (4+1) RC 





: (15) 


Hence, ep approaches -A E., with the time constant (AF 1)RC, 
and, with small error, varies linearly with time, 

Thus far, however, we have not considered the current 
through Ry or the effect of the pentode characteristics. For 


small variations in the grid voltage of a pentode(l), 


<a > pa (ep rr). (16) 


In this case, 


B“ “መሚ “ተ ሚፈ ፈረ፦ LA 2 


(17) 


2 Ey - PA 8 
258 5. -p us Rn) ያታ ረ am ) 
sc M 


N i = ፡ į | 1 = 
OW て —? FA > ኞ , where k is the current sup 


plied by the distributed capacitance. 


Solving for 2 5 


BO 











ler ምጋ Ze tes 
NG Dee | (19) 
pote (= 





Since the linear rundown of the plate voltage occurs above the 
knee of the pentode en - ス characteristics, ሥ „AM, V) 


and ““,. remain relatively constant. We have shown イミ イニ bee% 


A 
also to be relatively constant during the plate rundown, so 
that LE = Le = fee O S7. . a is negligible 

d E ©. AC > 


compared with La 3 end E, y is a constant. 
ce 
ብን gr." -ዴዶ (EH 
FE 
/ ፦ ዶ-ዲ + k 


end «Le, Koda P M ጨዓ (21) 


ፓራ “de / AZ) 





(20) 





Further, 12 ««22/ aná mh, >>/ 5 





dt (22) 


AC, eee ea 一 = K 5 


and ep = Kč 7 GS , the equation of a straight line. 

It is apparent from the foregoing that the Miller sweep 
generator has several features important in a linear time base 
generator. It is a very stable circuit, and at a low output 


TI 














CHAPTER III 
CIRCUITS BASED ON THE MILLER SWEEP GENERATOR 


When the need for better linear time base generators 
arose during Worlä War II, England began developing a family 
of circuits based upon the Miller sweep generator. These 
circuits are now known as the phantastron, sanatron, and 
sanaphant, and differ principally in the manner in which the 
emplifier is turned on and off. The input voltage to this 
type of circuit is in all cases a trigger voltage, instead of 
a gate voltage. The gating is accomplished within the gener- 
ator. 

There are two versions of the phantastron: the screen- 
coupled phantastron (which the British choose to call the 
Miller transitron), and the cathode-coupled phantastron. 

The screen-coupled phantastron is represented in Figure 
2. Before the input trigger is applied, the grid is at zero, 
the screen is conducting heavily, and plate current is cut 
off by the negative bias,-Egyp, on the suppressor. Applica- 
tion of the input trigger to the suppressor causes plate 
current to flow. The resultant plate voltage drop is coupled 
by C to the grid, reducing the space current drastically. The 
screen therefore jumps almost to E.e» Since the jump in 
screen voltage is almost instantaneous, we may regard the jump 
as a step voltage of amplitude E, applied to the RC network of 
Figure 3. 


Analysis of this circuit indicates that the resulting 
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SWITCHING CIRCUIT OF THE 
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suppressor voltage is of the form 


= ደ A 16 Ac) 


Y — 2 ーーー 
ዛሪ? Y (a rela 
A F, AF, 1 


だ ኖ 
E ያ 7 
ሥሯ > - (23) 
Fa 


ችን ን => > 


=== 


2ፓ ze en ee . (24) 





うと の R 
/ 


The rising characteristic of the first voltage component tends 
to compensate for the falling characteristic of the second 
voltage component, so that e is closely a step voltage. 
When the plate rundown bottoms and the grid commences to 
rise, space current increases and the screen voltage begins 
to fall. Almost instantaneously the screen voltage reaches 
its quiescent value before the trigger was applied. This 
action is equivalent to applying a negative step voltage to 
the circuit of Figure 3, and hence, by the same analysis as 
before, a negative approximate step voltage is applied to the 
suppressor, and the amplifier is abruptly turned off, and 
held in this condition by—€._. Internal gating of the 


SUP 
basic Miller sweep generator is accomplished in this manner. 


16 








In the cathode-coupleä phantastron, gating is effected 
through the use of a cathode resistor, as shown in Figure 4. 
Quiescently, the grid is at the cathode voltage ue > 
is adjusted to a Fale which will bias the suppressor with 
respect to the cathode sufficiently to cut off plate current. 
The plate voltage is Epp, and the screen is at a low voltage 
since almost all of the space current is going to the screen. 

Upon application of the trigger input, plate current 
begins to flow and the plate voltage drops. The drop in 
plate voltage is coupled to the grid through C, reducing the 
total space current. The cathode voltage therefore drops 
and the suppressor is no longer biased with respect to the 
cathode sufficiently to keep the plate current cut off. 

Since this action is cumulative and almost instantaneous, a 
positive step voltage is in effect being applied to the 
suppressor. The switch-on action of the amplifier ends with 
the grid at such a negative bias with respect to the cathode 
that the space current is almost cut off. The screen has 
therefore almost instantaneously passed from a state of high 
conduction to a state of low conduction, and hence has quick- 
ly jumped practically to Egg. 

At the end of the switch-on action the linear rundown 
of the plate commences, for the amplifier has been turned on 
and quiescent conduction through the grid-cathode pathway has 
been interrupted. 

After the plate voltage bottoms, the grid rises toward 


Ec With a time constant of RC. The space current increases 
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sharply, with most of the current going to the screen. Ya 
increases to the point where the suppressor is so biased with 
respect to the cathode that plate current is cut off. This 
switch-off of the amplifier occurs rapidly, and subsequently 
the plate rises to E, with a time constant determined by the 
product of Rj, C, and the distributed capacity in the plate 
circuit. While rising toward E,,, the grid of course begins 
to conduct at that potential where e 


/ 


The main requirement for both the screen-coupled and 


= と > and hence levels 


off at this point. 


cathode-coupled phantastrons is a pentode with good suppressor 
control over the plate current. In place of a pentode a 
pentagrid tube may be used, with grids 2 and 4 replacing the 
pentode screen, and with grid 3 replacing the pentode sup- 
pressor. The requirement in this case is a sharp Y 
cut-off characteristic. 

It has been shown that for the basic Miller sweep 


senerator circuit, 


If Ee. is fixed in value, R and/or C must be made smaller for 
faster sweep speeds. As R is made smaller, however, the 
quiescent grid-cathode voltage becomes more positive, and more 
space current flows. It is therefore apparent that very fast 
sweep speeds must be limited by the amount of dissipation that 


the screen can tolerate. Since the tubes suitable for use in 
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screen-coupled and cathode-coupled phantastrons rarely have 
high screen dissipation ratings, the maximum Sweep speeds 
that these phantastrons can produce are limited. 

If very fast sweep speeds are required, the tube employ- 
ed must be able to handle a high screen dissipation. But 
this type of tube rarely has good suppressor control over 
the plate current, and hence some means must be provided to 
gate the suppressor effectively. The sanatron and the 
sanaphant were designed to incorporate this requisite. 

The basic sanatron circuit is represented in Figure 5. 
Vl is the gating switch and V2 is the Miller sweep generator. 
Quiescently, Vl is conducting heavily with its plate voltage 
low. The suppressor of V2 is held well below plate current 
cutoff by the voltage divider relationship indicated. The 
gating action begins when a negative input trigger applied 
at Pl cuts off Vl. Almost instantaneously the plate of Vl 
rises to a high potential. This jump in plate voltage is 
applied to the suppressor of V2 through the voltage divider, 
which is so arranged that the suppressor would be driven 
positive if it were not for the diode V4. With the amplifier 
V2 thus turned on, the Miller sweep generator is activated. 

Meanwhile, the grid of Vl commences to rise toward Epp 
with time constant RIC]. When the grid cutoff voltage is 
reached on this upward swing, Vl conducts and its plate 
voltage drops abruptly. With this drop in plate voltage 
applied through the voltage divider to the suppressor of V2, 


the V2 amplifier is turned off and the sweep action at the 
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plate of V2 is terminated. 

A common variation of the sanatron is contained in 
Figure 6. The operation of this circuit is identical to the 
operation of the sanatron just discussed. The only difference 
between the two circuits is in the use of the negative gate at 
the grid of the Miller sweep generator to maintain the gating 
pentode cut off during the sweep, and in the application of 
the input trigger to the suppressor of Vl instead of to the 
grid. In this case the gating action ends when the sweep 
action of the Miller generator naturally terminates, whereas 
in the previous case the gating action ends when the grid of 
Vl reaches the cutoff point of its own accord. 

Another circuit which permits the use of a tube with a 
rugged screen grid and less suppressor control is the 
sanaphant, shown in Figure 7. As the name implies, the 
sanaphant is a combination of the sanatron and the phantastron, 
where the word "phantastron" is used in the British sense to 
mean a self-sating Miller sweep generator employing a cathode 
resistor. 

Again, Vl is the gating pentode. In the quiescent state, 
Vl is conducting heavily with a low plate voltage which holds 
the suppressor of V2 below cutoff, and the cathode of V2 is 
riding at some potential close to ground. Application of a 
negative input trigger to the suppressor of Vl causes the 
plate of Vl and hence the suppressor of V2 to jump by an 
amount sufficient to turn on V2 as an amplifier. But the 


resultant drop in the grid voltage of V2 reduces the total 
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space current so that the cathode voltage of V2 drops sharply. 
This voltage drop is applied to the grid of V1, maintaining 
Vl cut off, and permitting the linear rundown to occur at 

the plate of V2. After the plate voltage of V2 bottoms, the 
grid of V2 begins to rise rapidly toward Eec. The cathode 
voltage thus rapidly increases by reason of the increased 
space current in V2. This increase in Va is applied to the 
grid of Vl, causing Vl to conduct heavily with an abrupt drop 
in the plate voltage. As with the sanatron, this drop is 
coupled to the suppressor of V2, cutting off the plate current 
and ending the sweep action. 

Since the cathode voltage of the sanaphant is larger in 
emplitude and at a much lower output impedance than the griä 
voltage of the sanatron, the sanaphant exercises more effec- 
tive control over the grid of the gating pentode. 

The output waveforms of the foregoing circuits are 
identical in shape at corresponding points and are represented 
in Figure 8. The cathode waveform applies only to the cathode- 
coupled phantastron and the sanaphant. In practise, the 
terminating action associated with these waveforms is fast 
enough for the production of sharp pulses, or for triggering 
a blocking oscillator. The degree of abruptness in the be- 
ginning and at the end of each waveform is, of course, de- 
pendent upon the circuit employed and any improvements made 
thereto. In general, the switching action is faster in the 
sanatron and the sanaphant than in the cathode-coupled and 


screen-coupled phantastrons, 
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With this family of circuits, the amplitude of linear 
time base attainable with a 300 volt power supply is close to 
250 volts. Sweep speeds from 1V/sec to 100 Výmsec can be 
produced. The linearity error can be less than ~ .1 per cent 
for sweep durations greater than 200 «« sec, and less than .5 
per cent for sweep durations from 3 „sec to 50 + sec (An in- 
creasing error with decreasing RC product is predicted by a 
linearity eguation developed in Chapter I). Variation of the 
supply voltage by 10 per cent changes the delay time by less 
than 7 .1 per cent, and a tube replacement changes the delay 
time also by less than + .1 per cent(3,4). 

In addition, these circuits are especially suited for 
use as linear time base generators because, with a slight 
modification, they can be made to perform the very important 
function of providing an output discontinuity whose position 
in time is directly proportional to an input control voltage. 
This modification is shown in Figure 9. Tt consists simply 
of holding the plate voltage of Vl guiescently at that poten- 
tial selected by the cathode of diode V2. When the amplifier 
Vl is turned on, however, the plate voltage falls below this 
control voltage and VZ is an open circuit. But the plate 
voltage must bottom at the same point regardless of the 
quiescent plate voltage, and the slope of the plate voltage 


rundown must remain constant, since E R, and C are constant. 


ee’ 
Hence, to the extent that the plate voltage sweep is linear, 
the duration of the wavefoms in Figure 8 will be directly 
proportional to the control voltage setting. 
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CHAPTER IV 
IMPROVING THE PERFORMANCE OF CIRCUITS 
BASED ON THE MILLER SWEEP GENERATOR 


It was pointed out in Chapter II that increasing the 
gain of the amplifier in the Miller sweep generator increases 
the stability of the circuit, lowers the output impedance at 
the plate, and improves the linearity of the plate rundown. 
This may be accomplished by the use of a sizeable inductance 
in the plate circuit. 

If T is the duration of the plate rundown, and A Eis 
the change in plate voltage from the beginning of the rundown 
to the end of the rundown, then 


i 
AY =AEF > (25) 


where A e, is the change in plate voltage from its quiescent 


value at any time t. Using LaPlace Transform notation, 
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This means that, since Al, = v Z, = constant, 
the presence of a large inductance in the plate circuit 
results in less plate current change associated with a given 
plate voltage change A E. The constant current character- 


istics of the amplifier have therefore been bettered, and, with 
PL 
IC, 
specific sanatron circuit, the addition of 20 henries of in- 


reduced, the effective gain has been increased. Ina 





ductance in the plate circuit boosted the gain of the amplifier 
from 100 to 4000 and reduced the linearity error to .0006 per 
cent(3). 

With the effective gain of the amplifier thus increased, 
attention may be directed toward improving the switching action 
and reducing the switching time. The switch-on action is 
greatly dependent upon the method of triggering. Obviously the 
circuits based on the Miller sweep generator can all be trig- 
gered at several different points. In general, suppressor 
triggering is preferred because the triggering can then be 
isolated from critical biasing circuits. If the trigger has 
a steep leading edge, application of this trigger to the 
suppressor will cause the resulting waveforms previously dis- 
cussed also to have steep leading edges. The trailing edge 
of the trigger is lost in the internal gating action. But if 
the trigger is applied to the plate, the possible influence 
on the plate voltage waveform, and hence on the other wave- 
forms, is apparent. The shape and size of the trigger are 


then more important. 
It frequently happens that the linearity at the beginning 
31 





of the rundown is appreciably in error. If the cathode 
emission of the generator happens to increase momentarily 
around switch-on time, the grid will be at a potential lower 
than usual when switch-on occurs. Hence, the grid will drop 
to a lower than usual potential when the amplifier is turned 
on and the current through ff will momentarily increase. 
Since ep = eg t, where <A = “ce, the slope of ew will 
therefore momentarily increase at the start of the waveform. 
This error can be compensated for, as shown in Figure 10, by 
the use of diode V2, where the cathodes of Vl and V2 are 
heated by the same filament supply. If the cathode of V1 
tends to emit more electrons and rise in potential, the 
cathode of V2 will tend to do the same. But the grounded 
Plate of V2 will repel the electrons and thus hold the 
cathodes of Vl and V2 at their quiescent potential. 

This compensation can also be provided by the circuit of 
Figure 11, where V2 is connected to a potential E, lower 
than E¿¿. As in the previous method, Vl and V2 must have 
their cathodes heated by the same filament supply. Quies- 
cently, current is flowing from E,, through a resistor and 
diode V2 to Ey, and from E. through the same resistor and 
R to ground. The current through R is B. Now if the 
cathode of Vl momentarily emits more oo, lowering the 
grid potential by a small increment, the cathode of V2 will 
simultaneously emit more electrons, lowering the plate of Ve 
by the same small increment, so that the current through R 


remains constant. 
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Another characteristic of the generator plate voltage 
at switch-on time is the initial step in the waveform, which 
may be undesirable for certain applications, particularly in 
the case of those circuits employing a cathode resistor. 
Partial compensation for this step is provided by the circuit 
of Figure 18. The current flowing through Rr and control 
voltage diode V2 before switch-on occurs will become a large 
part of the current drawn through Ry and RA by Vl when switch- 
on occurs, so that point A will tend to stay at the same 
potential at this instant. 

The switch-off action of the generator may also be 
improved. A technique frequently employed consists of accu- 
rately defining the bottoming voltage of the plate rundown at 
some point above the knee of the pentode characteristics. 

This may be accomplished by using a diode comparator, as shown 
in Figure 13, where the minimum value that the plate voltage 
of the amplifier can have is determined by the voltage setting 
at the plate of the diode V2. 

With the bottoming voltage accurately defined, the switch- 
off action may be further improved by proper selection of 


E R, and C. When the rundown bottoms, the grid begins 


66» 
rising toward En. with time constant RC. The larger E,,, and 
the smaller RC, the more steeply the grid will rise, and 
hence the more abruptly it will run into the grid conduction 
point, at which it is held. In addition, the speed of both 


the switch-off and switch-on actions may be increased by 


properly selecting the screen supply voltage. For pentodes, 
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a screen voltage of less than 50% of the plate voltage 
provides the best suppressor control over the plate current(13). 

In those circuits where a gating pentode is employed, 
the slight modification indicated in Figure 14 is very 
effective in reducing the switch-off time. This modification 
consists of adding a differentiating transformer between the 
screen of the Miller sweep generator V2 and the grid of the 
gating pentode Vl. The rise of the grid of V2 at the end of 
the plate rundown is accompanied by an abrupt fall in the 
screen voltage of V2. This negative step is differentiated 
in the transformer primary and the resultant spike voltage 
is reproduced in the secondary and applied to the grids of 
both Vl and V2, thus expediting the rise of the grid of V2 
to its hold point. The resistor shunting the primary of the 
transformer must be fairly large, so that the inductance of 
the primary can pass the low frequency components of the 
applied step voltage and use the high frequency components 
for coupling to the secondary. 

In the case of the cathode-coupled phantastron and the 
sanaphant, a similar technique can be used in differentiating 
the cathode waveform and applying the positive spike result- 
ing from the end of the waveform through a diode to the 
plate of the generator. 

The recovery time of the plate voltage itself can be 
greatly reduced by driving the grid of a cathode follower 
directly from the plate of the generator, and returning the 


capacitance C from the cathode of the follower to the grid 
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of the generator. This basic arrangement is shown in Figure 
15. The cathode follower serves as a "unity" gain amplifier, 
so that the plate voltage of the generator is reproduced at 
the cathode of the follower and the sweep action proceeds 
normally. At the end of the linear rundown, however, the 
time constant of the recovery action at the plate of the 


generator is the product of R. and the distributed capacity 


L 
in the plate circuit, and this product may be made very 

small. The performance of the cathode f0llower as a unity 
gain amplifier can be improved by returning the lower end 

of the cathode resistor to a large negative voltage. 

The operation of the circuits based on the Miller sweep 
generator may be further improved by temperature compensa- 
tion of the components. This is a laborious process, consist- 
ing of varying the temperature of each component separately 
while holding the temperature of the other components 
constant and measuring the resultant effect on the circuit. 
Such measurements have been completed for a few circuits, 
contained in the literature. The main requirement in this 
respect is that R and C have equal and opposite temperature 
coefficients. 

With these circuits modified to include very high gain, 
fast switching action, and proper compensation, an accurate 


linear time base of 1 usec duration can be obtained(3,4). 
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CHAPTER V 
COMPARISON OF CIRCUITS BASED ON THE MILLER SWEEP 
GENERATOR WITH THE BOOTSTRAP CIRCUIT 


While the circuits based on the Miller sweep generator 
were being developed in England, another family of circuits 
that meet the present-day requirements of linear time base 
generators, baseá on the bootstrap principle, was being 
developed in the United States. Since the operation of the 
bootstrap circuit and its modifications is more apparent and 
better understood in this country than the Miller sweep 
circuits, it will be treated more from a comparison view- 
point rather than in similar detail. 

The basic bootstrap circuit is shown in Figure 16. 
Before the negative input gate is applied to the grid of Vl, 
the grid cathode bias is zero and Vl is conducting heavily 
with a low plate voltage. Application of the input gate 
turns Vl off, so that © begins to charge toward Ep. V2 
serves as a “unity gain" amplifier, and hence a change in 
voltage at the plate of Vl appears at the cathode of Vé and 
is coupled by the large capacitor CT to the cathode of the 
isolating diode V3, tending to keep the voltage across R 
constant. With the voltage across R constant, the charging 
current for C is constant, and the voltage across C must be 
a positive-going sawtooth. When the input gate ends, Vl is 
turned on, and C discharges rapidly through Vl. 

If the gain of the cathode follower were unity for all 
points along the sweep, if Cp did not discharge at all 
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during the sweep, and if there were no lead inductance to 
delay the starting of the sweep, the linearity of the saw- 
tooth produced would be perfect. But, in practise, the 

gain of the cathode follower is not unity and it does vary 
slightly for different input voltages. In addition, some 
discharge of Cp during the sweep occurs. And lead inductance 
is always present in varying degrees to impede the build-up 
of charging current to its required constant value. Some 
error in linearity with the basic bootstrap circuit is 
therefore apparent. 

The performance of the bootstrap as a linear time base 
generator may, however, be substantially improved by certain 
well known techniques. In the “unity gain" amplifier, Ry 
may be returned to a large negative voltage to improve the 
unity gain characteristic. The slight inherent delay in 
the starting of the sweep due to lead inductance may be 
compensated for by placing a small resistor in series with 
the charging capacitor. The linearity may also be improved 
by the integrator network Rep" Co contained in Figure 17. 

With these modifications, and with Cp sufficiently large, 
a linearity error of less than .1 per cent is attainable(1,3). 

While the bootstrap method of generating a linear time 
base was developed completely independently from the circuits 
based on the Miller sweep generator, and appears to operate 
differently, it should be pointed out at this time that their 
respective equivalent circuits are almost identical. Figure 


18 represents the operation of the bootstrap, where switch 
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S is the gated triode. Initially, S is closed, as shown in 
the dotted position. The grid of Vl is at zero potential 
and the voltage across R is Eoc’ Opening switch S is 
equivalent to applying a step voltage E,, to the grid of Vl 
through R. The charging current for C through R is Ecc. 

If the bottom of R rises A £ volts, the top of R 6365 iii 
by ðE volts because of the action of the “unity gain" 
amplifier Vl. Hence, the charging current for C remains Ec, 
and the voltage developed across C while S is open is a 
linear positive-going sawtooth. 

Although the Miller sweep generator requires a pentode, 
we can represent its amplifier action by a triode and the 
switching process by a switch S, as shown in Figure 19. 
Quiescently, switch S is closed, the grid of Vl is at zero 
potential, the voltage across R is E.., and the current 
through R is Ege. As with the bootstrap, opening S is 
eguivalent 1 ጠፍ a step voltage E., to the grid of Vl 
through R and turning on the amplifier at the same time. 
Because of the drop in plate voltage coincident with the 
turn-on of the amplifier, the grid drops below zero. But 
it was shown in Chapter II that the amplifier tends to hold 
the grid at a negative voltage close to zero. Hence, the 
current to C remains approximately Boc while the switch is 
open, the same as with the er In this case, however, 
the constant current to C is a discharging current, and 
the voltage across C is a linear negative-going sawtooth. 


In performing the important function of generating a 
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discontinuity whose position in time is directly proportional 
to a control voltage, the circuits based on the Miller sweep 
generator have one disadvantage. There is no known means of 
compensating for slight variations in emission from the 
cathode of the control voltage diode, so that a slight zero 
error is inherent in these circuits. This error has been 
estimated at around .05 per cent for the average sweep 
duration(3). 

An advantage of the bootstrap as a linear time base 
generator is that this zero error at the pickoff point may 
be compensated for, as shown in Figures 20 and 21. In this 
case the control voltage V, does not determine the point 
where the sweep begins, but merely selects that portion of 
the generated sweep which lies above V,. In Figure 20, 
where pickoff is taken from the cathode of the cathode 
follower, if the potential of the cathode of the pickoff 
diode tends to change from fluctuations in heater voltage, 
the cathode of the cathode follower, when heated from the 
same filament supply, tends to drift along, so that pickoff 
occurs at about the same point in time as if no fluctuations 
had occurred. In Figure 21, where pickoff is taken from the 
grid of the cathode follower, the control voltage circuit 
exactly compensates for variations in the heater voltage of 
the pickoff diode Vl. For voltages along the sawtooth below 
Vs, point A is strapped to Vg- But beyond the point of 
selection, point A is above V,, V2 is an open circuit, and 


the remainder of the sawtooth appears across Ro In applying 
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these control voltage circuits, however, it should be noted 
that in Figure 20 the output impedance of the cathode 
follower is low and the size of R, is not of great importance, 
whereas in Figure 21 the output impedance at the grid of the 
cathode follower is theoretically 5, and hence in this case 
Rg should be large. 

The effectiveness of this compensation depends upon 
which end of the picked-off sawtooth is used for the output 
discontinuity. The duration of the bootstrap sweep is the 
duration of the applied gate, and, if the gating circuit is 
a multivibrator, the terminal point of the bootstrap sweep 
and hence the terminal point of the picked-off sawtooth may 
vary far more than the zero-time point of circuits based on 
the Miller sweep generator. On the other hand, if the 
beginning of the picked off sawtooth is used with a circuit 
such as the multiar to generate a discontinuity at the pick- 
off point, then, since the beginning of the bootstrap sweep 
occurs at the same time as the input trigger to the gating 
system, and since the pickoff point is compensated for the 
possible variations discussed, the discontinuity will occur 
at an accurately defined point in time directly proportional 
to the control voltage V.. 

A disadvantage of the bootstrap circuit is that the 
isolating diode V3 (Figure 16) requires an isolated heater 
supply voltage with one side strapped to the cathode of V3, 
for in practise the positive feedback sawtooth voltage from 


the cathode of V2 to the cathode of V3 would otherwise 


ጋሪ 


> 


> sal 


— 







nd u 


- a 
= 






-= 










pa ua ーー ハー ー 


AS : 


ጩ29 5 i 











- am ; 


+ 









result ín heater-cathode breakdown in V3 at some point along 
the sweep. Another disadvantage of the bootstrap circuit, 
from a space and cost viewpoint, is the large number of 


tubes required for the system. 
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CHAPTER VI 
CONCLUSIONS 


Chapter II points out that the basic Miller sweep 
senerator produces a highly linear negative-going sawtooth 
voltage waveform at a low output impedance, with good 
stability. It is shown in this chapter how with increasing 
gain the stability and linearity are improved and the output 
impedance is lowered. This analysis serves as a basis for 
the development in Chapter III of a family of circuits 
comprising screen-coupled and cathode-coupled phantastrons, 
the sanatron, and the sanaphant, all of which can be easily 
modified to perform the very important function of providing 
an output discontinuity whose position in time is directly 
proportional to an input control voltage. Each of these 
circuits represents a basic Miller sweep generator, internally 
gated by some means which distinguishes the circuits from 
each other. Those circuits employing a cathode resistor make 
available four output voltages at both low and high output 
impedances. Those circuits utilizing a grounded cathode 
make available three output voltages, also at both low and 
high output impedances. These voltages at corresponding 
points in all the circuits are similar in form, and in any 
circuit the available output voltages are characterized by 
the same time delay. For a 300 volt power supply, the 
amplitude of sawtooth voltage at the plate of the generator 
in each case can be close to 250 volts, and sweep speeds from 


1V/sec to 100V/usec can be produced. The linearity error can 
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be less than Ť el per cent for sweep durations greater than 
200 usec, and less than Ž „5 per cent for sweep durations 
from 3 usec to 50 usec. Variation of the supply voltage by 


10 per cent changes the delay time by less than al per cent 


and a tube replacement changes the delay time also by less 
than Ž „1 per cent(3,4). 

In Chapter IV the analysis is extended to show how the 
gain of these generators may be substantially increased by 
inserting a large inductance in series with the plate load 
resistor. In one specific case, the addition of 20 henries 
of inductance in the plate circuit boosted the gain of the 
amplifier from 100 to 4000 and reduced the linearity error 
to .0006 per cent(3). It is also shown how the performance 
may be improved with various modifications of the basic 
circuits and with compensating networks, to the extent that 
an accurate linear time base of l usec duration can be 
obtained(3,4). 

It is subsequently brought out in Chapter V that the 
circuits based on the Miller sweep generator have one dis- 
advantage in that there is no known means of compensating 
for slight variations in emission from the cathode of the 
control voltage diode. When a bootstrap circuit is used to 
provide an output discontinuity whose position in time is 
directly proportional to a control voltage, however, the 
zero error at the pickoff point due to variations in 
emission from the cathode of the control voltage diode may 


be readily compensated for. A further comparison of the 
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two types of circuits is effected wherein the advantages and 
disadvantages of the bootstrap are outlined. With certain 
modifications to the basic bootstrap circuit, a positive-going 
sawtooth voltage with a linearity error of less than .1 per 
cent is attainable(1,3). Two output voltages are available: 
at the cathode of the cathode follower, with a low output 
impedance, and at the grid of the cathode follower, with a 
high output impedance. The circuit is simple and its 
operation easily understood. But in practise the isolating 
diode in the bootstrap circuit requires an isolated heater 
supply voltage with one side strapped to the cathode of the 
diode, to avoid heater-cathode breakdown in this tube as the 
sweep progresses. In addition, since this system consists of 
a gate generator switching tube, cathode follower, isolating 
diode, and control voltage diode, it requires a relatively 
large number of tubes. 

With regard to stability, amplitude of sweep voltage, 
range of sweep speeds, and insensitivity to tube changes and 
variations in power supply voltage, both types of circuits 
are relatively equal in performance. It should be pointed 
out, however, that in the bootstrap circuit the linearity 
error tends to become proportionately greater with long 
sweep durations because of the discharge of the large coupling 
capacitor between the cathode of the cathode follower and the 
cathode of the isolating diode. 

From a space and cost viewpoint, the phantastron, 


sanatron, and sanaphant circuits have a distinct advantage 
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over the bootstrap circuit, and since the zero error inherent 
in circuits based on the Miller sweep generator is almost 
negligible, these circuits are generally preferred for 


linear time base applications(3). 
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